Electronic spectra (absorption, fluorescence and phosphorescence emission spectra) of nitro-β-carboline derivatives (nitronorharmanes, nitroharmanes and nitroharmines) in acetonitrile and in methanol solution at 298 K and in solid matrix at 77 K have been recorded and compared with those of the corresponding β-carbolines and chloroharmine derivatives. The electronic absorption spectra of triplet transients of these β-carbolines, the triplet lifetime, τ T , and the intersystem crossing quantum yield, φ isc , were measured by Laser Flash Photolysis at 298 K. The dynamic properties of the lowest excited singlet and triplet states (τ f , τ p , φ f and φ p ) have been measured in the same experimental conditions. From these data, the radiative and radiationless rate constants (k o f , k isc and k ic ) were derived. The intramolecular spin -orbital coupling effect on the spectroscopic data and photophysical rate constant were also analyzed.
Introduction
As part of our study of the photochemistry of β-carbolines, 9H-pyrido [3,4-b] indoles, 1 and their potential use as matrices (photosensitizers) in matrix assisted ultraviolet laser desorption / ionization mass spectrometry (UV-MALDI MS), 2 we decided to examine the behavior of substituted β-carbolines. We have recently described commercial β-carbolines (norharmane, harmane and harmine) as quite efficient UV-MALDI matrices. 2 As substituted β-carbolines, nitro-β-carbolines were selected because, as it is known, for aromatic molecules, nitro group as substituent might induce modifications of the acid-base properties in the ground and electronic excited state, on the nature (π,π*; n,π*), multiplicity (singlet, S 1 ; triplet, T 1 ), lifetime (τ S1 ; τ T1 ) and efficiency of population (φ) of the electronic excited states without affecting much their photostability. 3, 4 As it is well known, UV-MALDI MS 5, 6 has become a versatile and important tool for the determination of molecular masses and structure of macromolecules such as synthetic polymers 7 and biopolymers. 8, 9 The principle of UV-MALDI involves ionizing macromolecules for MS analysis by diluting them in a suitable matrix of small organic molecules which absorb the UVlaser photons. Thus, the knowledge of the photochemistry and photophysics of the potential UV-MALDI matrices is essential for the comprehension of the UV-MALDI processes which occur after the electronic excitation of the matrix. The effect of heavy atoms on the photophysical properties of aromatic compounds has been of great interest. 3, 4, 10 An halogen with high atomic number (heavy atom) attached directly to an aromatic compound can reduce significantly the fluorescence quantum yield and this effect is called the intramolecular heavy atom effect (HAE). [10] [11] [12] [13] [14] [15] The spin-orbital coupling mechanism of the heavy atom enhances the rate of intersystem crossing to the triplet state. 12, 15, 16 Bromine and iodine atoms, as heavy atoms, have been preferentially used in order to study both intramolecular and intermolecular HAE. 3, 4, [10] [11] [12] [13] [14] [15] [16] Furthermore, carbonyl and nitro groups attached to aromatic compounds also show a spin -orbital coupling mechanism that reduces significantly the fluorescence quantum yield of the aromatic compound and enhances the intersystem crossing process. 3, 4 In the present work the effect of the nitro group as substituent on the fluorescence (φ f , τ f , τ 0 f , k 0 f ) and phosphorescence (φ p , τ p , k 0 p ) parameters of several β-carboline derivatives is investigated: i) in acetonitrile and in methanol at 298 K; ii) in the same solvents in the presence of added mineral acids at 298 K; iii) in a mixture of isopropanol -ethyl ether (1:1; v:v) at 77 K and iv) in a mixture of isopropanol -ethyl ether (1:1) with added mineral acids at 77 K by using time correlated single photon counting technique and phosphorescence lifetime spectroscopy. Also, the electronic absorption spectra of the triplet transient, the triplet lifetime (τ T ) and the intersystem crossing quantum yield (φ isc ) of the β-carboline derivatives were investigated by Laser flash photolysis technique at 298 K. Scheme 1 shows the β-carboline derivatives studied and in order to compare the effect of a light atom as substituent (light substituent = H) and a spin -orbital coupling group as substituent (heavy substituent = NO 2 ) in the same β-carboline moiety. Thus, the spectroscopic data for harmane, norharmane and harmine were also studied and described briefly in the present paper. In the case of harmine, the properties of nitroharmine derivatives 3a -c are also compared with that of the chloroharmine derivatives 3d -f.
It is known, 3, 4 in the absence of photochemical reactions, the fluorescence quantum yield φ f of an emitting substance is given by the ratio of rate constants shown in eq. 1:
where the subscripts denote respectively the processes of fluorescence (f), intersystem crossing (isc) and internal conversion (ic). The parameters τ f and τ 0 f represent respectively the fluorescence and radiative lifetime. When a spin -orbital mechanism operates due to the presence of chlorine atom or a nitro group attached to the aromatic moiety, the rate constant k isc is increased, and hence both τ f and φ f are reduced significantly as k isc grows larger. Also, the spin -orbital mechanism affects the absorption spectra of nitro aromatic compounds where a strong enhancement of ε (S 0 → T 1 ) is observed but not on ε (S 0 → S 1 ). 3, 4 Because of the relationship between ε (S 0 → T 1 ) and k but not k 0 f will be influenced by spin -orbital perturbation. Therefore, a study of the fluorescence and phosphorescence spectroscopy, the corresponding φ f and φ p and the comparison of the photophysical rate constants, k 0 f and k 0 p , is essential in order to understand the spinorbital mechanism. The much higher values of φ p reflect both a greater efficiency of population of T 1 (k isc is enhanced) and a greater efficiency of emission from T 1 (k 0 p is enhanced more than k st ).
Absorption Spectroscopy
The absorption spectra of β-carbolines were recorded in acetonitrile and in methanol at 298 K and generally they showed two bands in the 290-330 and 320 -360 nm region ( Figure 1a and 40 nm compared to that of the β-carbolines 1-3 (Tables 1 and 2 ; Fig. 1a ). This large red shift accounts for the in-plane conjugation of the nitro substituents and it can be interpreted by the mesomeric effect induced by the nitro group bonded to the β-carboline moiety (Tables 1 and 2 ). The absorption spectra of chloroharmines (3d-3f) show a minor bathochromic shift of the 1 L b band ranging between 4 and 16 nm. This moderated red shift is due to a minor mesomeric effect of the chlorine atom attached to the harmine moiety (Tables 1 and 2 ). In general, the absorption spectra of chloroharmine and nitro-β-carbolines show a small bathochromic shift of the 1 L a electronic transition bands with respect to non-substituted β-carbolines 1, 2 and 3 and this moderate red shift ranges from 2 to 6 nm. The absorption spectra of β-carbolines (1 -3) and chloroharmines (3e -3f) were recorded in MeOH and in MeCN doped with HClO 4 . When the absorption spectra of β-carbolines and chloroharmines in neutral conditions are compared with those spectra recorded in acidic media a bathochromic shift (around 20 nm) is observed for the lowest-lying energy bands (see Tables 1  and 2 ). The spectral change is attributed to the formation of a cationic species due to an acid-base equilibrium process in the electronic ground state, as shown in Figure 2 for norharmane. This behavior could be attributed to the fact that a change of the lowest-lying electronic transition takes place upon protonation of the pyridine nitrogen atom. Therefore, the lowest energy band of the neutral β-carbolines, which is a π,π* electronic transition, is red shifted because the HOMO increases its electron density. When protonation takes place the n electron pair at pyridine N increases its σ character and the probability of its interaction (overlapping) with the π ΗΟΜΟ is higher. Then, a red shift is expected for the lowest energy band in the absorption spectra. This kind of behavior upon protonation of the β-carboline moiety was first observed and rationalized by Aullo and Tomas Vert for norharmane, harmane and harmine. 17 Instead, the comparison of the λ max (abs) data collected in Tables 1 and 2 for the nitro-β-carbolines and its cationic species shows a minor blue shift of 2 to 10 nm. This behavior is attributed to the fact that an increase of ∆E for the lowest-lying electronic transition takes place after protonation of the pyridine nitrogen atom. Therefore, the lowest energy band of the neutral nitro-β-carbolines has, in some extent, an n,π* character. Thus, when protonation occurs, a blue shift is expected for the lowest energy band in the absorption spectra. 3, 4 Emission spectroscopy Emission at 298 K. The β-carbolines 1, 2 and 3 are good fluorescent chromophores with φ f values ranging from 0.20 to 0.40 and τ f values of the order of 4 -6 ns (see Tables 1 and 2). 1e, 18 These compounds display mirror symmetry when the fluorescent emission and absorption spectra are compared (spectra of harmine (3) are shown in Figures 1a and 1b) . 1e The fluorescence lifetimes (τ f ) of the corresponding cationic species were measured in MeCN and in MeOH doped with HClO 4 by the TC-SPC technique; τ f values of 22 ns were obtained for compounds 1 and 2 while for compound 3 the τ f value was 7.2 ns (Tables 1 and 2 ). Pardo et al. 18 have measured the φ f and τ f values of compounds 1, 2 and 3 in ethanol and in acidic media.
Comparison of our results measured in methanol with those of Pardo, we can conclude that the φ f values of compounds 1, 2 and 3 in methanol are similar and show the same trend while the τ f values of these compounds are higher than those reported by Pardo. The absorption and fluorescence spectra of chloroharmines (3d -3f) recorded in acetonitrile and in methanol at 298 K display excellent symmetry as is shown in Figures 1a and 1b . This indicates that the geometries of the molecules are quite similar in their ground and excited states. Tables 1 and 2 show that the λ max (fluo) of mono-chloroharmine derivatives 3d-3e display a minor bathochromic shift ranging from 2 to 6 nm in comparison to harmine (3). This effect depends on the position and number of the chlorine atoms attached to the harmine moiety. This effect is due to a mild in-plane conjugation of the chlorine atom with the harmine moiety. For the dichloroderivative 3f a minor hypsochromic shift was observed (Tables 1 and 2 ). We have also measured the fluorescence quantum yield (φ f ) and the fluorescence lifetime (τ f ) for compounds 3, 3d -3f in MeCN and in MeOH (see Tables 1 and 2 ). As it was expected the intramolecular quenching of the fluorescence emission (intramolecular heavy atom effect, HAE) of chloro-β-carbolines 3d -3f increases as the number of chlorine atoms attached to the β-carboline moiety is increased. This trend is evidenced through the φ f values of compounds 3d -3f that decrease an 80 -90 % relative to the φ f value of harmine (3). A similar trend is observed when the τ f values are analyzed (Tables 1 and 2) .
As it is expected, the nitro-β-carbolines are not fluorescent chromophores in MeCN and in MeOH due to the nitro group attached to the β-carboline moiety where a high spin -orbital coupling mechanism operates. This behavior means that these molecules dissipate efficiently the energy from S 1 through radiationless processes (internal conversion and/or intersystem crossing processes).
The emission fluorescence spectra of β-carbolines 1-3, chloro-and nitro-β-carbolines were recorded in MeCN doped with HClO 4 , showing a broad band centered between 416 and 446 nm depending on the substituent attached to the β-carboline moiety (Table 1) . When the solvent used was MeOH doped with acid, a similar behavior was observed for the β-carbolines except for compounds 2a, 2b, 3a and 3b, where no fluorescence emission was detected ( Table 2 ). The comparative analysis of the φ f values in acetonitrile acidic conditions show that the cationic species of harmane, norharmane and harmine are excellent fluorophores (φ f 0.75, 0.72 and 0.64). It is noteworthy to point out that the cationic species of chloro-and nitro-β-carboline derivatives show a fluorescence emission quantum yield that diminishes in a significant extent due to a high spin-orbital coupling mechanism ((intramolecular fluorescence quenching; see Table 1 ). This trend is clearly depicted if the φ f values are compared: 3, φ f = 0.64; 3d, φ f = 0.10; 3b, φ f = 0.003. Also, the τ f values for compounds 3, 3d and 3e show a decreasing trend due to the HAE of chlorine atoms attached to the harmine moiety. The φ f and τ f values in methanolic acidic conditions show a similar trend for the β-carboline derivatives analyzed except for compounds 2a, 2b, 3a and 3b, where no fluorescence emission was detected.
Emission at 77 K
We have measured the fluorescence and phosphorescence emission spectra and the spectroscopic parameters (φ f , φ p and τ p ) of compounds 1, 2, 3, 1a, 1b, 2a, 2b , and 3a-3f in solid matrix at 77 K and the data are collected in Table 3 ((a) isopropanol-ethyl ether (1:1)). Compounds 1, 2 and 3 are good fluorescent and phosphorescent chromophores at 77 K showing the λ max (fluo) at 360 nm and the λ max (phosph) around 410 nm. The φ f values of these compounds are high, ranging between 0.67 and 0.91. These compounds deactivate their excited triplet state through a moderate phosphorescence emission (φ p : 0.36) and a radiationless pathway competes in the deactivation of the excited triplet state in a great extent. Taking into account that the shape of the phosphorescence emission spectra is "naphthalene-like" and the phosphorescence lifetimes (τ p ) are on the time scale of seconds we concluded that the electronic excited triplet state is most likely to be a π,π* electronic transition. 3 The nitroderivatives 1a, 1b and 3a-c do not show emission in solid matrix at 77 K. Thus, the triplet excited states deactivate efficiently through a radiationless pathway. Instead, nitronorharmane derivatives (2a and 2b) show φ p values lesser than that of harmane (2) indicating that these compounds deactivate efficiently the excited triplet state through a radiationless process while the radiative deactivation takes place to a lesser extent. In the case of nitronorharmane derivatives (2a and 2b) the shape of the phosphorescence emission spectra are "benzophenone-like"; due to the presence of the nitro group attached to the β-carboline moiety it resembles the phosphorescence emission spectra of benzophenone.
Comparison of the λ max (phosph) values of the nitro-harmane derivatives with that of harmane a bathochromic shift is observed due to the in-plane conjugation of the nitro group with the β-carboline moiety (Table 3 (a) ).
It is interesting to note that compounds 3d and 3e show fluorescence and phosphorescence emissions in solid matrix at 77K and again, the spin -orbital coupling mechanism operates because the φ f values diminish significantly in comparison with φ f value of harmine (see Table 3 (a)). In this connection, it is expected that an enhancement of the intersystem crossing process from S 1 to T 1 for compounds 3d and 3e takes place; this process is thermodynamically favored as can be seen from the values of ∆E(T 1 -S 1 ) shown in Table 3 . A bathochromic shift (25 nm) of the λ max (phosph) is observed for 6-chloro-and 8-chloroharmine which is due to the in-plane conjugation of chlorine atom with the harmine moiety. The chloro-β-carboline derivatives show φ p values higher than that of harmine indicating that these compounds deactivate efficiently the excited triplet state through phosphorescence radiation. Taking into account the τ p values and the shape of the electronic phosphorescence emission spectra we concluded that the electronic excited triplet state is mostly π,π* for compounds 3d and 3e. The dichloroharmine derivative 3f does not show emission in solid matrix at 77 K.
We have also studied the fluorescence and phosphorescence emission spectra of the cationic species of 1, 2, 3, 1a, 1b, 2a, 2b , and 3a-3f in solid matrix at 77 K (Table 3 ; (b) isopropanolethyl ether (1:1) doped with HClO 4 ). In general, the cationic species show a significant phosphorescence emission as a broad band centered between 445 to 483 nm depending on the compound studied. The cationic species of compounds 1, 2 and 3 have high φ p values and this indicates that the phosphorescence emission is the efficient deactivation pathway of the excited triplet state. Instead, for the cationic species of the chloro-derivatives 3d and 3e a radiationless pathway deactivates the excited triplet states and competes efficiently with the phosphorescence emission. From the τ p values for cationic species of 1, 2, 3, 3d and 3e we concluded again that the excited triplet states are most likely to be π,π*. The dichloroharmine derivative 3f does not show emission in solid acidic matrix at 77 K (Table 3 (b) ).
In acidic conditions, the φ p values of the cationic species of the nitro-β-carbolines 1a, 1b, 2a and 2b are smaller than that of cationic species of compounds 1 and 2. Instead, for the cationic species of compounds 3a and 3b the φ p values are quite similar to that of the cationic harmine. We concluded that these compounds deactivate the excited triplet state through a radiative (phosphorescence emission) process as efficiently as cationic harmine (3) do, in competition with the radiationless process.
Recently, Varela et al. 19 described the phosphorescence spectra, φ p and τ p at 77 K for the neutral and cationic forms of compounds 1, 2 and 3. The values obtained and the conclusions reached are similar to those discussed above.
Photophysical parameters and triplet transient absorption spectroscopy
In order to calculate the different rate constants of the deactivation of the lowest singlet excited state (k 0 f , k ic and k isc ) of β-carbolines 1, 2 and 3 and chloroharmines 3d, 3e and 3f we measured the φ isc of these compounds in acetonitrile and methanol by Laser Flash Photolysis at room temperature and the φ isc values are collected in Table 4 . These values were measured following the absorbance of the triplet transient of 1-cyanonaphthalene (triplet energy acceptor) formed at 500 nm after excitation with a laser pulse at λ = 355 nm in the presence of benzophenone, which was chosen as a reference (φ isc = 1), and in the presence of the β-carboline derivatives. 1-Cyanonaphthalene was chosen as a triplet energy acceptor because the triplet energy is located at 57 Kcal / mol 20 and the energy of the triplet excited states of benzophenone and β-carboline derivatives are higher than 65 Kcal / mol. Therefore, the triplet energy transfer process from the triplet excited state of the substrates (and reference) to the triplet excited state of the energy acceptor (1-cyanonaphthalene) is thermodynamically feasible. In the absence of photochemical reaction, it is known that equation 2 is valid for any organic chromophore, in particular, β-carboline derivatives:
Taking into account that the quantum yield of fluorescence (φ f ) and the quantum yield of intersystem crossing (φ isc ) were measured independently by different spectroscopic methods in methanol and in acetonitrile at 298 K, the φ ic values are easily derived from equation 2 and these data are shown in Table 4 . In this connection, we are now able to calculate the radiative and radiationless deactivation rate constants of the lowest singlet excited states (k o f , k isc and k ic ) of β-carbolines 1, 2 and 3 and chloroharmines 3d, 3e and 3f using eq. 1 and the relationships: φ isc = k isc .τ f and φ ic = k ic .τ f . These data are collected in Table 4 .
From the analysis of the k absorption spectra of the triplet transients of the nitro-β-carbolines in acetonitrile and in methanol at room temperature by Laser Flash Photolysis. Taking into account that the nitro-β-carbolines do not show any fluorescence emission at room temperature and are photostables upon irradiation, the φ ic value can be easily derived according to the following relationship: φ ic = 1-φ isc . Therefore, the measured spectroscopic and photophysical data and the derived internal conversion quantum yield values (φ ic ) are collected in Table 5 . 
The analyses of the φ isc and φ ic values of nitro-β-carboline derivatives allow us to conclude that the lowest singlet excited state of these compounds (not experimentally detected), which have a fleeting lifetime (τ f lesser than 1 ns), is efficiently deactivated through both radiationless processes: the intersystem crossing (isc) and internal conversion (ic) channels. It is noteworthy to point out that the φ isc values of 6-nitro-β-carbolines are higher than that of the 8-nitro-β-carboline regioisomers. This fact could be rationalized taking into account that 8-nitro-β-carboline forms an intramolecular hydrogen bond whereas the 6-nitro regioisomer does not, as is depicted in figure 3 . Therefore, the nitro group is forced to be in-plane with the β-carboline moiety and the enhancement of the rigidity of the molecule favored the radiationless deactivation of the lowest singlet excited state through the internal conversion channel in competition with the intersystem crossing channel. Of course, this behavior is not possible for 6-nitro-β-carbolines and hence, the trend observed is opposite to that of the 8-nitro regioisomers. The analysis of the triplet transient lifetimes of the nitro-β-carbolines shows a similar trend when the 6-nitro-and 8-nitro-β-carboline derivatives are compared. Finally, the electronic absorption triplet transient spectra of the nitro-β-carbolines were recorded by Laser Flash Photolysis at room temperature and showed a broad band from 420 to 600 nm with a λ max (abs) centered around 500 nm. Similar results were obtained in methanol solution (Table 5) .
Conclusions
In the present study, the radiative and radiationless rate constants (k o f , k isc and k ic ) of harmane (1), norharmane (2), harmine (3) and chloroharmines (3d -3f) in acetonitrile and in methanol at room temperature were derived from the photophysical parameters: τ f , φ f , φ isc and φ ic . Also, the ∆E(T 1 -S 1 ) values and the φ f and φ p values were measured in solid matrix at 77 K. An important heavy atom effect for compounds 3d -3f on the photophysical and spectroscopic data was observed in comparison to harmine. Therefore, a noticeable intramolecular quenching of the fluorescence emission spectra at room temperature was observed due to the chlorine atoms attached to the harmine moiety and the τ f and φ f parameters decrease while the k isc parameter increases proportionately. Measurements at 77 K showed that these compounds are still fluorescent chromophores while an important phosphorescence emission was observed too. A comparative analysis of the photophysical rate constants and the shape of the fluorescence and phosphorescence emission spectra of β-carbolines and chloroharmines allow us to conclude that the lowest singlet and triplet excited states of compounds 1, 2, 3 and 3d -3f are to be π,π* electronic states.
Nitro-β-carbolines are not fluorescent chromophores and the fleeting lowest singlet excited state (n,π*) deactivates efficiently through the intersystem crossing and internal conversion pathways. The former pathway operates preferentially for 6-nitro-β-carbolines while the latter is observed when 8-nitro-β-carbolines are studied. In general, the nitro-β-carboline derivatives show triplet transient absorption spectra between 420 and 600 nm with a λ max (abs) centered around 500 nm and the τ T values ranged between 135 and 520 ns depending on the position of the nitro group attached to the β-carboline moiety. Taking into account that the nitro-β-carbolines show φ ic values higher than the corresponding β-carbolines, laser induced optoacoustic spectroscopy (LIOAS) of nitro-β-carbolines in homogeneous media at 298 K are in progress in our laboratory in order to analyze the thermal deactivation of the electronic excited states.
β-Carbolines and nitro-β-carbolines constitute two families of 9H-pyrido [3,4- IBM Asyst. Programs were used to acquire and process the signals. The intersystem crossing quantum yields at room temperature were determined relatively to the quantum yield of benzophenone using 1-cyanonaphthalene as a triplet energy acceptor. The triplet lifetimes (τ T ) were measured at the maximum wavelength of the electronic absorption spectra of the triplet transients.
